INTRODUCTION
Although iron is one of the most abundantly occurring elements in nature it exists predominantly as insoluble complexes in aerobic environments [1] . Most aerobic and facultative anaerobic microorganisms have evolved high-affinity pathways for assimilation of iron which consist of low-M r chelators, termed siderophores, and the cognate membrane receptors [1, 2] .
P. aeruginosa has three iron transport systems.
Pyochelin is a salicylic acid-substituted cysteinyl peptide siderophore [3] . P. aeruginosa and P. fluorescens also produce pyoverdin which has been shown to have siderophore activity [4, 5] . A third mechanism for iron transport from ferric, citrate has also been described in P. aeruginosa [6] . At present, the ferripyochelin uptake system has been the most extensively characterized. Recently, we have demonstrated that ferripyochelin binds to an outer membrane protein with an M r of 14000 [7] . This outer membrane protein is expressed in a higher concentration in outer membranes prepared from cells grown in glucose-low iron medium than in outer membranes prepared from cells grown in high iron medium than in outer membranes prepared from cells grown in high iron medium. This protein binds [59Fe]pyochelin, but not 59FEC13 [7] .
In the present study, strains from several other species of Pseudomonas were analysed for the production both of pyochelin and the ferripyochelinbinding protein. Pyochelin production has not previously been reported in Pseudomonas spp. other than P. aeruginosa. Thus, the possibility that pyochelin may be a common iron transport system among species of Pseudomonas was examined.
MATERIALS AND METHODS

Media and culture conditions
To promote production of the ferripyochelinbinding protein, cultures were grown in M-9 minimal salts medium [8] with glucose (0.5%) as a carbon source. All glassware was acid-washed with dilute nitric acid. The cultures were incubated for 24-36 h with vigorous aeration in a shaking water bath at 37 o C.
To promote production of pyochelin, cultures were grown in 0.25% Casamino acids, 0.2 mM MgCI2, pH 7.5 (CAA) for 24 h at 30°C.
Strains
Strains of P. cepacia, P. multivorans, P. stutzeri (ATCCll609), P. putida (ATCC12633), P. maltophila and P. fluorescens (NCTC10038) were a generous gift of Dr. L.E. Bryan, University of Calgary Health Sciences Centre.
Preparation of outer membranes
Outer membranes were isolated as previously described [7] . Briefly, cells were grown in 500 ml of medium and harvested by centrifugation (10 000 x g, 20 min). Cells were washed with 30 mM Tris-HC1 (pH 8.0) (Tris buffer), and suspended in 20 ml of 20% sucrose in Tris buffer containing 1 mg each of DNase and RNase. The cells were sonicated for 2 min, then 2 mg lysozyme was added; 10 min later phenylmethyl sulfonyl fluoride was added to 1 mM to inhibit protease activity. Cell debris was removed by centrifuging at 1000 x g for 15 min. The supernatant was layered onto a two-step sucrose gradient containing 4 ml of 70% sucrose and 4 ml of 60% sucrose. The gradients were centrifuged in a Beckman SW41 Ti rotor at 30000 rev./min for 3 h. The lower bands were collected and stored at -70°C in 20% sucrose, 30 mM Tris-HC1.
Detection of ferripyochelin-binding protein
Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) was performed as previously described [7] . Following electrophoresis, the gels were fixed and stained for protein with Coomassie brilliant blue R250 in 50% methanol-10% acetic acid (v/v). To visualize the binding of [SgFe] pyochelin to outer membranes, approx. 50 /~g of outer membrane protein were suspended in 50/zl of M-9 medium containing 100 #M nitrilo-acetic acid (NTA). Equal volumes of NTA (100 #M), pyochelin (20 /xM) and SgFeCl~ (10/~M) (100 ~Ci/7.5 #g Fe 3+ , Amersham Corp. Oakville, Ontario) were incubated for 5 min at room temperature. Immediately prior to loading on the gels 50 /.tl of sample buffer (0.05 M Tris-HC1, pH 6.8, 2% SDS and 10% v/v glycerol) were added to each sample. Samples were not heated. 50/~1 containing approx. 10-15/~g protein were loaded in each well. Following electrophoresis the gels were dried onto filter paper by heating under reduced pressure. 59Fe was visualized by autoradiophotography for 18 to 24 h on Kodak XAR film.
Purification of pyochelin
Pyochelin was purified from P. aeruginosa PAO as previously described by Cox [9] .
Assay for pyochelin production
Pyochelin production was assayed according to the procedure of Cox and Graham [9] . Cultures were grown in 500 ml of CAA for 24 h at 30 oC. The cells were removed by centrifuging at 10000 x g for 15 min. The supernatant (400 ml) was acidified with HC1 to pH 2. Ethyl acetate (100 ml) was added and after shaking vigorously in separatory funnels, the ethyl acetate layer was collected and concentrated by rotary evaporation. The residue was dissolved in methanol. The methanol solutions were chromatographed on Whatman No. 1 filter paper with water-acetic acid-acetone (90 : 10 : 1) as a solvent. Purified pyochelin was run as a control. After drying the paper was viewed under UV light. Pyochelin appeared as a yellowgreen fluorescent band. When sprayed with iron reagent (0.1 M FeC1 s in 0.1 M HC1) the pyochelin band turned red and when sprayed with phenolate reagent (1 vol. iron reagent added to 1 vol. of 0.1 M potassium ferricyanide) it turned blue. This band was cut out and eluted in 50 ml methanol and concentrated by rotary evaporation. The residue was resuspended in methanol and chromatographed on a thin layer of Silica Gel G, 250 ~m (Analtech, Inc., Newark, Delaware), developed in chloroform-methanol solvent (90:1). The fluorescent band which reacted with iron spray reagent and phenolate reagent was re-chromatographed on a thin layer with two different solvent systems: (1) chloroform-acetiz acid (90:1), and chloroformethanol (4:1). Pyochelin purified from P. aeruginosa was also chromatographed as a control.
RESULTS AND DISCUSSION
Production of pyochelin by Pseudomonas spp.
Pyochelin has been reported to be produced by all clinical isolates of P. aeruginosa that have been analysed [6] . However, the production of pyochelin by species of Pseudomonas other than P. aeruginosa has not been reported. Ethyl acetate extracts of culture supernatants for several species of Pseudornonas were analysed for pyochelin production by paper chromatography followed by two-dimensional thin-layer chromatography in three different solvents. Pyochelin purified from P. aeruginosa strain PAO was used as a control. Strains of P. cepacia, P. fluorescens and P. multivorans produced fluorescent compounds whose migration resembled purified pyochelin. These compounds turned red when reacted with FeC13/HC1, and blue when reacted with phenolate reagent. The fluorescent compounds also migrated identically to pyochelin on the thin-layer silica gel. R f values of 0.5, 0.20 and 0.75 were observed with the solvents chloroform-methanol (90:1), chloroform-acetic acid (90: 1), and chloroform-ethanol (4:1), respectively. Therefore, these strains of P. cepacia, P. fluorescens and P. multivorans produced pyochelin. The strains of P. putida, P. stuzeri and P. maltophila examined did not produce any fluorescent compounds, and therefore, do not produce pyochelin, at least when grown under these conditions. P. aeruginosa and P. fluorescens have previously been shown to produce pyoverdin. Since they both also produced pyochelin, it is likely that they have similar iron uptake mechanisms. P. rnultivorans is a subspecies of P. cepacia [10] , so it would be expected that these would have identical iron transport systems. P. cepacia, P. aeruginosa and P. fluorescens may be more closely related to each other than the other species of Pseudomonas examined as they are produced pyochelin.
It is likely that strain variation in pyochelin production exists within a species as one strain of P. cepacia was negative for pyochelin production (data not shown), whereas the strain shown in Fig.  1 produced pyochelin. 
Production of the ferripyochelin-binding protein by Pseudomonas species
To determine if these species of Pseudomonas have the same ferripyochelin-binding protein as P. aeruginosa, outer membranes were isolated from 500 ml of cells grown in M-9 glucose medium (low iron) and M-9 glucose with 100 mM FeC13 (high iron medium). The outer membranes were electrophoresed on 12.5% SDS-polyacrylamide gels and stained with Coomassie blue (Fig. 1) . The electrophoretic profile of the outer membrane proteins from these species varied considerably. Quantitative and qualitative differences in proteins were also apparent between the membranes isolated from low-iron and high iron grown cells. A protein band of approx. M r 14000 varied depending on the iron concentration of the medium in all species.
The Coomassie-stained gels were scanned with an LKB ultrascan laser densitometer and the area under the major protein peaks was calculated with a Hewlett Packard integrator, and expressed as the percentage of total protein. The values obtained for the M r 14000 protein are shown in Table 1 .
This protein has previously been shown to be induced in low-iron medium and to bind [59Fe]pyochelin in P. aeruginosa. The percentage of total protein observed in P. aeruginosa strain PAO has been reported to be 21 in membranes from low-iron grown cells and 8 in membranes from high-iron grown cells [7] . In all the strains examined with the exception of P. stutzeri this M r 14000 protein was induced in low-iron medium ( Table 1 ). The degree of induction varied considerably, ranging from 1.3-fold in P. putida to 6.5-fold in P. cepacia.
The percentage of ferripyochelin-binding protein in outer membranes of P. stutzeri was slightly higher in membranes from high-iron grown cells. Since this stain does not make pyochelin, the putative pyochelin receptor may not be induced in low-iron conditions. This explanation, however, would not account for the induction of this protein in P. putida and P. maltophila.
To determine if this M r 14000 protein bound ferripyochelin, outer membrane preparations from the non-aeruginosa Pseudomonads grown in lowiron medium were incubated with [59Fe]pyochelin as previously described [7] and electrophoresed on SDS-PAGE. When subject to autoradiography it was shown that this protein bound [59Fe]pyochelin in all six of the Pseudomonas strains tested (not shown). Thus, P. cepacia, P. multivorans, P. fluorescens, P. putida, P. stutzeri and P. rnaltophila all have the ferripyochelin-binding protein in their outer membranes. Although P. putida, P. stutzeri and P. maltophila did not produce detectable amounts of pyochelin, they all expressed a protein which bound ferripyochelin. Many bacteria are able to utilize siderophores from other genera and express outer membrane receptors for these siderophores, although they do not synthesize these siderophores themselves [1, 2, 11] . Therefore, it is not unusual that these species of Pseudomonas are able to bind ferripyochelin even if they do not produce pyochelin. Thus, the pyochelin-mediated iron uptake system may be used by many species of Pseudomonas for iron acquisition.
